Abstract-This paper reports on a project aiming to confirm whether a tactile stimulator "touch-sense glove" is effective for a novel brain-computer interface (BCI) paradigm and whether the tactile stimulus delivered to the fingers could be utilized to evoke event related potential (ERP) responses with possible attentional modulation. The tactile ERPs are expected to improve the BCI accuracy. The proposed new stimulator device is presented in detail together with psychophysical and EEG BCI experiment protocols. Results supporting the proposed "touch-sense glove" device are presented in form of online BCI classification accuracy results. Finally, we outline the future possible paradigm improvements.
I. INTRODUCTION
Many researchers recently join various projects related to a brain computer interface (BCI) technology which is expected to allow operation of any device using brainwaves only [1] . This technology shall allow disable people, e.g. the amyotrophic lateral sclerosis (ALS) users, to operate devices without any muscle activity necessary. The most popular BCI is a visual one in which user's control commands are estimated only from presented intentional responses to visual stimulus [1] , [2] , [3] . This modality, however, prevents users from paying attention to surrounding environment causing often difficulties in an application operation. Such BCI is not available also for users suffering from lost or bad vision [4] . Our research project proposes to use tactile BCI (tBCI) modality. This modality shall derive P300 response which is usually obtained by attending to a specific and known target [1] . Although the auditory modality [5] , [6] , which is also an alternative to the vision, could also derive the P300 responses, it could not be used in case of advanced ALS patients (e.g. totally-locked-in syndrome) [6] , [4] . Our research aims to improve tBCI classification accuracy and to develop a practical stimulation device. We search for the most suitable patterns leading to a successful multi command tactile paradigm.
The tBCI paradigm often utilizes a somatosensory steadystate response (SSSR) [7] . While a person is stimulated, the brain generates a response which has nearly the same frequency as the stimulus. The SSSR response becomes stronger when a person attends to the stimulus [7] . However, the SSSR does not appear when the stimulation period is very short, thus it is very difficult to gain a good information transfer rate (ITR) [1] . Recently BCI which utilizes an event related potential (ERP) instead of the SSSR has has been actively researched [6] , [2] , [8] , [3] , [4] . The ERP features are also very suitable to classify a so called "aha-response" (known also as a P300 response since it is a positive ERP deflection after about 300 ms from the stimulus onset [1] ). So far, the most popular tBCIs use fingertip stimulation to evoke P300 responses [9] . However, this modality's accuracy is still too low for practical utilization, thus, we propose to expand conventional stimulation to the whole finger surfaces. The rest of the paper is organized as follows. In the next section we introduce methods used and developed within the project. Next, the obtained results and a discussion are presented. Conclusions and a future research direction outline summarize the paper.
II. METHODS
In this section, we explain details of conventional and our proposed tBCI paradigms. In our novel tactile BCI paradigm project we conducted psychophysical and EEG experiments in order to compare new results with conventional methods. The psychophysical and EEG experiments were conducted in agreement with the ethical committee guidelines of the Faculty of Engineering, Information and Systems at University of Tsukuba, Tsukuba, Japan (experimental permission no. 2013R7). Five volunteer users participated in the experiments. We propose to utilize P300 response in the tBCI paradigm and a classification method based on a classical oddball paradigm [1] . The P300 response is a positive deflection starting at around 300 ms after the user attends stimulus and it does not appear to the ignored one [1] . Usually the P300 responses are applied to visual and auditory BCI modalities [2] . The P300-based BCI discriminates the attended and ignored stimuli from the differences in ERP shapes. An example of the averaged P300 response evoked to an expected target stimuli in comparison to the ignored non-targets is presented in Figure 5 . In our experiments, we assign label to the attended stimulus as the target and to the other ignored as the non-target.
We proposed a new stimulator made of a glove which we named "a touch-sense glove" as shown in Figure 1 (a). The glove had embedded 12 vibrotactile exciters which were attached to user finger are as depicted also in Figure 1(a) . A detailed placement of the exciter positions is outlined in Figure 1 . The reason why the vibrotactile excites were attached to a glove was to enhance convenience of an experimental setup avoiding manual attachment of the 12 devices separately each time. A rubber glove served also as a safety electric insulator to avoid any current leakage causing a possible electric interference with EEG.
We first conducted psychophysical experiments in order to determine the task difficulties based on the recorded behavioral "button press" responses which were executed after the identified stimulus patterns. After that, in order to evaluate the P300 response occurrences and a possible online BCI application based on online classification, we conducted EEG experiments with the same users as in the previous psychophysical experiment.
A. Experimental Device Details
The ARDUINO DUE micro-controller board was used to generate square wave signals delivered to vibrotactile exciters as presented in Figure 2 . The control of the ARDUINO DUE board was based on a simple program communicating with a portable computer via an USB port with the RS232 serial communication protocol embedded. The serial communication with ARDUINO DUE board was managed by a MAX 6 program developed by our team. The vibrotactile exciters (see Figure 3 ) used in the experiments were attached to ARDUINO DUE via a custom made multichannel amplifier developed in our laboratory as shown in Figure 2 . In psychophysical and EEG experiments, there were five stimulus patterns as shown in Table I . The stimulus patterns in form of vibrotactile exciter Fig. 5 . This figure presents the P300 response which is the positive deflection after 300 ms from the stimulus onset. The purple line represents the averaged response to the target stimuli, while the blue to the non-targets. sets vibrated for 100 ms. Each stimulus instruction pattern was represented on a user interface display by a blue rectangle as shown in Figure 4 .
B. Psychophysical Experiment Protocol
Before the EEG experiments, we conducted the psychophysical study to check whether the users can distinguish tactile apparent motion stimulus patterns. In the psychophysical experiments, user button press responses were recorded. Based on the recorded response datasets, we analyzed the correct answer rates and the response times. All the psychophysical experiment had the same protocol. The experimental procedure consisted of the following steps: 1) the visual instruction on a computer display and a stimulus to the user finger were given of which pattern to attend next; 2) a sequence of tactile stimuli was delivered to the fingers (an oddball sequence of random ordered patterns); 3) the user paid attention only to the instructed pattern (the target) while ignoring the others; 4) the above three steps were repeated until all the stimulus patterns become the targets.
The above four steps defined a single sequence. We conducted the five trials for psychophysical experiments because of the five different target stimulus patterns used. We assigned all sequences to a single session and we conducted two experimental sessions for each user. A single trial was composed of 50 randomized order stimuli which consisted the ten targets and forty non-targets. If the number of button-presses to each trial was less than the designed number, we did treat it as a no response of an overlooking condition. Each trial consisted of the randomized order presentations with fixed inter-stimulus-interval (ISI) and the stimulus durations. All psychophysical experiments were conducted by a personal computer running MAX 6 program with the same generated outputs. The same MAX 6 program registered the behavioral button-press response times and stimulus numbers to which the user responded. The stimulus patterns have been summarized in Table I and detailed summary of the psychophysical experiment conditions is presented in Table II . The user was instructed to attend to the target pattern presented in advance before each random stimulus sequences. The user instruction of which pattern to attend was delivered on a computer screen as presented in Figure 5 . The instruction with the target displayed was changing after each trial. At each trial, the user could confirm the answer rate success of the executed buttonpresses. The user generated the behavioral responses with a free second hand.
C. EEG Experiment Protocol
In order to evaluate the P300 response occurrences and the online BCI classification accuracies, we conducted a series of EEG experiments with the same users as in the previously described psychophysical experiment section. The EEG experiments did not require the users to respond behaviorally by pressing a button, but only mental responses were instructed. Figure 6 presents a flow diagram of EEG signal processing and brainwaves classifier training pipeline. First, the user's brainwaves were captured using wet active EEG electrodes. Second, the captured and filtered brain signals were segmented and classified after a training of the step-wise linear discriminant analysis (SWLDA) classifier [10] . Next, the parameters of the trained SWLDA classifier were entered to the BCI2000 software [11] for the subsequent online BCI sessions. Each BCI command output was a result of features drawn from the averaged responses and classified by the SWLDA method within the BCI2000 environment.
The EEG experimental procedure consisted of the the same steps as in the previous psychophysical experiments. A single EEG experiment BCI trial was composed of randomized 10 targets and 40 non-target stimuli. The EEG signals were captured with g.USBamp EEG amplifier by g.tec Medical Engineering, Austria, with 8 wet active electrodes g.LADYbird by the same manufacturer. The electrodes were attached to the following scalp locations Cz, CPz, P3, P4, C3, C4, CP5, and CP6. The ground was attached to the Fpz and a reference electrode on a left earlobe. The recorded EEG signals were processed by BCI2000 application [11] , using the SWLDA classifier [10] . The sampling rate was set to 512 Hz. A notch filter to remove power line interferences was set at a rejection band of 48 ∼ 52 Hz. Next, the EEG signals were digitally bandpass processed be high-pass and low-pass filters set at 0.1 Hz and 40.0 Hz respectively. A procedure of 10 single ERP responses averaging was used in order to enhance the P300 amplitudes. In EEG experiment, we also presented the same instruction screen as shown in Figure 4 . P300 (the user intentions) classification results were presented in form of numeric values using the same instruction screen. The stimulus patterns and vibration times have been summarized in Table II . The EEG recording detailed conditions have been summarized in Table III . In the EEG experiment, we conducted three runs for each user. The single run was composed of 50 targets and 200 non-targets. A single sequence was composed of 10 trials (10 targets and 40 non-targets presented randomly in the oddball paradigm). The user was instructed to attend to the target patterns presented in advance before each oddball sequence. 
III. RESULTS
In this section, we present results of the two experimental sessions conducted, namely the psychophysical and online BCI EEG studies outcomes. 
A. Psychophysical Experiment Results
As a result of the conducted psychophysical experiments we obtained user response accuracies and reaction times. A confusion matrix depicted in Figure 7 was generated based on the averaged response accuracies of the all five users who took part in the psychophysical experiments. A horizontal axis in in Figure 7 represents the stimulus numbers, while the vertical one the button-press (behavioral) response times. A "no response" column has been included to represent the omitted responses. A diagonal line of the confusion matrix represents correct responses. A color coding has been used additional to visualize graphically psychophysical experiment accuracies. The resulted accuracies were above 90% level, which was evaluated as a very good outcome and way above a chance level of 20%. As the result of the psychophysical experiment we confirmed the users in our experiments could distinguish all five vibrotacltile stimulus patterns delivered using the proposed touch-sense glove. Figure 8 reports response time distributions in form of boxplots. The horizontal axis in this figure represent the stimulus numbers, while the vertical one the button-press (behavioral) response times in milliseconds. This boxplot shows that the users reacted to target stimuli with median time of about 300 ms. No significant differences were observed among the response times to various patterns as tested with ANOVA. 
B. EEG Experiment Results
In this section, we present the online BCI EEG experiment results. The brainwaves have been depicted in form of grand mean averaged (all users and sessions) ERPs in Figure 9 and as the area under the curve (AUC) of the EEG features discrimination analysis results with head topographic plots in Figure 10 . The above results clearly indicated P300 response validity and potential separability as indicated by AUC values above 0.5 benchmarks in Figure 10 in the latencies of 250 ∼ 550 ms. Online tBCI experiments results are also summarized in form user achieved accuracies (a chance level was of 20%) and information transfer rates, which were calculated as follwos
where V was the classification speed in selections/min and R the number of bits/selection calculated as,
with N was a number of classes (five in this study) and P the obtained in online BCI experiments classification accuracy. The accuracy and ITR results are listed in the Table IV. The averaged values reported in Table IV are based on arithmetic means of the brainwave classification accuracies. The best classification accuracy was the maximum accuracy the user could score in the whole experiment. The averaged accuracy was the mean from the two sessions each user conducted. We also presented the maximum accuracies with scores reaching 100% for four out of five users taking part in the study. The lowest averaged accuracy was of 40% which was still above the chance level of 20% in the presented study. The obtained ITR results would allow for a slow yet already comfortable interaction using the proposed tBCI paradigm.
IV. CONCLUSIONS
In this paper, the psychophysical and EEG experiments were conducted in order to confirm our research hypothesis of the novel stimulator named "the touch-sense glove" usability for the tBCI. In the series of psychophysical and EEG experiments we confirmed that the users could distinguish the five vibrotactile stimulus patterns delivered to the five fingers of the dominant hand. We could also observe clear and possible to discriminate brainwave P300 responses.
The tBCI concept was evaluated in online classification experiments with ten trails averaging setup using SWLDA classifier of the P300 responses resulting with the final commands.
The obtained results have shown that the averaged classification accuracies resulted above the chance level of 20%.
The online tBCI averaged accuracy results were in a range of 40% ∼ 100%. The best obtained ITR was of 4.64 bit/min.
As a result of the conducted study, we could draw the following conclusions:
1) The results of the conducted psychophysical experiments showed that the users could distinguish the tactile stimulation generated by the proposed "touch-sense glove." 2) We could confirm the clear P300 responses in EEG experiments in which tactile stimulation was generated by the "touch-sense glove." 3) The EEG experiments resulted with the easily discriminable P300 responses leading to the classification accuracies and ITR scores above the chance levels, or even with perfect scores within the limitations of the experiential settings. We plan to continue this line of research in the near future to conduct experiments with shorter ISIs and with single trialbased classification sequences.
